Abstract: Many biomineralization systems start from transient amorphous precursor phases, but the exact crystallization pathways and mechanisms remain largely unknown. The study of a well-defined biomimetic crystallization system is key for elucidating the possible mechanisms of biomineralization and monitoring the detailed crystallization pathways. In this review, we focus on amorphous phase mediated crystallization (APMC) pathways and their crystallization mechanisms in bio-and biomimetic-mineralization systems. The fundamental questions of biomineralization as well as the advantages and limitations of biomimetic model systems are discussed. This review could provide a full landscape of APMC systems for biomineralization and inspire new experiments aimed at some unresolved issues for understanding biomineralization.
Introduction
Biomineralization is a crystallization process that occurs in a biological environment and is controlled by biological systems [1] [2] [3] . The biological micro-environments, such as the supersaturated mineralization medium, the extracellular matrixes (ECMs), and non-matrix proteins (NMPs) of biomineralization systems, play key roles in controlling the crystallization using hierarchical ordered structures, complicated patterns, and morphology. Calcium phosphate (CaP) and calcium carbonate (CaC) crystals are predominant inorganic components of biominerals in vertebrates and invertebrates. Moreover, amorphous calcium carbonate is also found in plants (cystoliths) [4] [5] [6] [7] . The investigation of their crystal nucleation and growth in a biomimetic micro-environment is critically important for understanding the mechanism of biomineralization. Classical crystallization theories have been widely applied for understanding the crystallization behavior of biomimetic mineralization systems [3, 8, 9] . However, recent studies have failed to adequately explain many biomimetic crystallization systems using classical crystallization theory [10] [11] [12] , which supposes that crystal nucleation or growth is formed directly from ion-by-ion additions [13] . Recently, researchers began hypothesizing that varied "nonclassical" crystallization pathways were more likely to be a product of biomineralization ( Figure 1 ) [14] , which refers to aggregation-based crystallization [15, 16] , pre-nucleation clusters [17] [18] [19] [20] , and amorphous phase mediated crystallization (APMC) [21] [22] [23] [24] . Among these, the findings of the amorphous phase in biomineralization systems are well documented [21, [23] [24] [25] [26] , but the crystallization mechanism remains largely unknown. CaP and CaC crystallization systems are two representative model systems for biomineralization which have attracted extensive attention. Amorphous calcium phosphate (ACP) was found to be the precursor for hydroxyapatite (HAP) crystallization in bio- [25, [27] [28] [29] and biomimetic [10, 20, [30] [31] [32] [33] [34] CaP mineralization systems. Amorphous calcium carbonate (ACC) is the precursor phase for many invertebrate biomineralizations, such as in the formation of sea urchins [35, 36] , mollusk shells [23, [37] [38] [39] , and coral skeletons [40] . The transformation of amorphous phases to crystalline phases (Table 1) can occur via several crystallization pathways [21, 24, [41] [42] [43] [44] [45] , such as surface-mediated heterogeneous nucleation [11, [46] [47] [48] , dissolution/re-precipitation [49] [50] [51] [52] [53] [54] [55] [56] , and solid-solid phase transformation (structure reorganization) [19, 33, [57] [58] [59] [60] [61] [62] . The transformation mechanism and crystallization kinetics depend vitally on the detailed crystallization pathway and on the solution environment [52] . Many controversial results have surfaced regarding these systems [19, 52] . So, it is urgent to know the full landscape of the crystallization rules of amorphous mediated crystallization systems and how to regulate the crystallization pathways and their kinetics, which are fundamental for understanding biomineralization.
In this review, we pay special attention to CaP and CaC systems, but we will summarize the findings of the APMC pathways in bio-and biomimetic mineralization systems and the detailed crystallization pathways, as well as transformation kinetics and their influence on biomineralization.
Amorphous Phase-Mediated Crystallization Pathways in Bio-and Biomimetic Mineralization Systems

Biomineralization Systems
In matured products of biomineralization such as vertebrate bones and teeth, mollusk shells, coral skeletons, coccolith exoskeletons, and magnetotactic bacteria magnetosomes, the primary inorganic composition of biominerals is the crystallized mineral [1, 2, 63] . It has taken several decades of effort for researchers to confirm the first-formed mineral phase in many biomineralization systems. Take vertebrate bone formation as an example. In 1966, Termine et al. reported that ACP is a major component of bone mineral in the femurs of male rats at the initial stages of bone formation [27] . During bone formation, the amount of ACP decreased in the bone, while the crystalline apatite increased, suggesting that ACP was the precursor phase for bone formation. It was not until 2008 that Mahamid et al. conclusively confirmed that ACP was the precursor phase by temporally and spatially resolved CaP and CaC crystallization systems are two representative model systems for biomineralization which have attracted extensive attention. Amorphous calcium phosphate (ACP) was found to be the precursor for hydroxyapatite (HAP) crystallization in bio- [25, [27] [28] [29] and biomimetic [10, 20, [30] [31] [32] [33] [34] CaP mineralization systems. Amorphous calcium carbonate (ACC) is the precursor phase for many invertebrate biomineralizations, such as in the formation of sea urchins [35, 36] , mollusk shells [23, [37] [38] [39] , and coral skeletons [40] . The transformation of amorphous phases to crystalline phases (Table 1) can occur via several crystallization pathways [21, 24, [41] [42] [43] [44] [45] , such as surface-mediated heterogeneous nucleation [11, [46] [47] [48] , dissolution/re-precipitation [49] [50] [51] [52] [53] [54] [55] [56] , and solid-solid phase transformation (structure reorganization) [19, 33, [57] [58] [59] [60] [61] [62] . The transformation mechanism and crystallization kinetics depend vitally on the detailed crystallization pathway and on the solution environment [52] . Many controversial results have surfaced regarding these systems [19, 52] . So, it is urgent to know the full landscape of the crystallization rules of amorphous mediated crystallization systems and how to regulate the crystallization pathways and their kinetics, which are fundamental for understanding biomineralization.
that Mahamid et al. conclusively confirmed that ACP was the precursor phase by temporally and spatially resolved mapping of the transformation of ACP in crystalline minerals in zebrafish fin rays ( Figure 2 ) [64] . Boonrungsimana et al. revealed that ACP can be formed within osteoblast mitochondrial granules and intracellular vesicles and then transported to the extracellular collagenous matrix for bone formation [65] . ACP was also found to be the precursor phase of the carbonated apatite in vertebrate enamel [66] . Some invertebrates also use ACP as the precursor phase during biomineralization. For example, some invertebrates use the radular teeth of a chiton (Acanthopleura haddoni, [67] ), or the bivalved shell of extant Linguliform brachiopods (Lingula anatina) for the precursor phase of biomineralization [68] . mapping of the transformation of ACP in crystalline minerals in zebrafish fin rays ( Figure 2 ) [64] . Boonrungsimana et al. revealed that ACP can be formed within osteoblast mitochondrial granules and intracellular vesicles and then transported to the extracellular collagenous matrix for bone formation [65] . ACP was also found to be the precursor phase of the carbonated apatite in vertebrate enamel [66] . Some invertebrates also use ACP as the precursor phase during biomineralization. For example, some invertebrates use the radular teeth of a chiton (Acanthopleura haddoni, [67] ), or the bivalved shell of extant Linguliform brachiopods (Lingula anatina) for the precursor phase of biomineralization [68] ). For the CaC biomineralization system, the presence of the ACC precursor phase was frequently found and was generally considered a smart strategy in nature for producing biominerals with unique shapes and advanced hybrid structures [23, 25, 70] . Politi et al. showed that the regeneration process of sea urchin spine is completed via the initial deposition of amorphous calcium carbonate For the CaC biomineralization system, the presence of the ACC precursor phase was frequently found and was generally considered a smart strategy in nature for producing biominerals with unique shapes and advanced hybrid structures [23, 25, 70] . Politi et al. showed that the regeneration process of sea urchin spine is completed via the initial deposition of amorphous calcium carbonate and then ACC is phase transformed into calcite (Figure 3 ) [35, 36] . Mass et al. used direct photoemission electron spectromicroscopy (PEEM, PEEM-3 at the Advanced Light Source in Berkeley, CA, USA.) and X-ray absorption near-edge structure spectroscopy evidence in Stylophora pistillata corals to show that two amorphous precursors existed, including one hydrated and one anhydrous ACC [40] . This work reveals two advantages of ACC-mediated crystallization. First, the crystallization via ACC is more than 100 times faster than the classical ion-by-ion crystallization. Second, ACC particles are formed inside tissue, which may make coral skeleton formation less susceptible to ocean acidification and help the coral skeleton formation survive during CO 2 increases. Weiss et al. showed that, in mollusk larvae, ACC was the precursor phase that partially transformed into aragonite [71] . The use of a transient amorphous precursor appears to be a widespread phenomenon in biomineralization.
However, biological systems are too complex in terms of crystallization, and it is still a challenge to measure the exact microenvironment of the intracellular and extracellular biomineralization cells and to detect the detailed crystallization pathways. Detecting these pathways is vitally important for understanding the mechanisms of biomineralization. In vitro biomimetic mineralization systems are designed to tackle this problem. and then ACC is phase transformed into calcite ( Figure 3 ) [35, 36] . Mass et al. used direct photoemission electron spectromicroscopy (PEEM, PEEM-3 at the Advanced Light Source in Berkeley, CA, USA.) and X-ray absorption near-edge structure spectroscopy evidence in Stylophora pistillata corals to show that two amorphous precursors existed, including one hydrated and one anhydrous ACC [40] . This work reveals two advantages of ACC-mediated crystallization. First, the crystallization via ACC is more than 100 times faster than the classical ion-by-ion crystallization. Second, ACC particles are formed inside tissue, which may make coral skeleton formation less susceptible to ocean acidification and help the coral skeleton formation survive during CO2 increases. Weiss et al. showed that, in mollusk larvae, ACC was the precursor phase that partially transformed into aragonite [71] . The use of a transient amorphous precursor appears to be a widespread phenomenon in biomineralization. However, biological systems are too complex in terms of crystallization, and it is still a challenge to measure the exact microenvironment of the intracellular and extracellular biomineralization cells and to detect the detailed crystallization pathways. Detecting these pathways is vitally important for understanding the mechanisms of biomineralization. In vitro biomimetic mineralization systems are designed to tackle this problem. 
Biomimetic Mineralization Systems
Biomimetic mineralization experiments have been successful in reproducing the morphology of biominerals. These experiments have uncovered the detailed crystallization behavior in conditions similar to those in biomineralization systems. Biomimetic mineralization has well-defined experimental conditions, and the detailed crystallization process can be monitored and quantified. So, it is a good testing board to validate the possible mechanism of biomineralization and to detect the detailed crystallization pathways. In terms of crystallization, a biomineralization process can be regarded as crystallization held at the self-assembled matrix and constraint space controlled by 
Biomimetic mineralization experiments have been successful in reproducing the morphology of biominerals. These experiments have uncovered the detailed crystallization behavior in conditions similar to those in biomineralization systems. Biomimetic mineralization has well-defined experimental conditions, and the detailed crystallization process can be monitored and quantified. So, it is a good testing board to validate the possible mechanism of biomineralization and to detect the detailed crystallization pathways. In terms of crystallization, a biomineralization process can be regarded as crystallization held at the self-assembled matrix and constraint space controlled by biomolecules in a medium of supersaturated solutions. All these factors have been investigated in detail by biomimetic mineralization.
Mineralization Medium
First, we summarize the recipes which have been used for biomimetic mineralization medium. To mimic a solution medium of bone formation, Kokubo et al. introduced a solution with ion concentrations close to that of human blood plasma (HBP), called simulated body fluids (SBF) [72] [73] [74] . SBF are near saturated or slightly supersaturated solutions with respect to ACP, and highly supersaturated with respect to HAP [61, 75, 76] . SBF have been successful in generating a bone-like apatite layer on the surface of Bioglass-ceramic and Titania bone-implant materials to endow their capability of direct bonding to living bone [73] . When HAP particles were soaked in an SBF solution, ACP was first precipitated on their surface and then transformed into bone-like apatite [77] . In original SBF solution, the concentration of calcium and phosphate is relatively low, and the capacity for the precipitation of CaP minerals is limited. In practical applications, the calcium and phosphate concentrations were increased to precipitate more CaP minerals (e.g., 1.5 × SBF, 5 × SBF, or others) with a neutral pH and 0.15 M ionic strength [78] [79] [80] [81] . With increasing calcium and phosphate concentrations, the formation of the ACP precursor phase is more evident. In the absence of substrates, ACP particles in the solution can also be transformed into HAP [10, 48, 58, 59, 82] . Posner et al. proposed that the transformation process is conducted via the dissolution of ACP and crystallization of HAP from the solution [49, 51, 83] . However, ex-situ TEM observations supported that HAP initially nucleated on the surface of ACP particles, which was probed by the mark of gold nanoparticles ( Figure 4 ) [82] or by a direct observation of the evolution of ACP transformation [48] . The quantitative study of the nucleation kinetics also fit the model of ACP surface-mediated heterogeneous nucleation [10, 11] . The surface area of ACP and the activity of calcium ions in solution are the key factors for controlling nucleation kinetics [6, 7] . Citrate [84] , poly-Asp [11] , silicate [85] , solution pH [10] , and the aggregation stated of ACP [86] can either modify the ACP surface or the surface area or change the activity of calcium in solution that leads to the inhibition or promotion of ACP phase transformation. In addition to the surface-mediated nucleation pathway, ACP-HAP crystallization might also go through other pathways, such as multiple sites nucleation inside ACP [58] , HAP nucleation at ACP inter-particles boundary [87] , and structure-rearrangement of the Ca 9 (PO 4 ) 6 unit (called Posner cluster) in ACP [33, 61] , which indicate that the CaP crystallization pathway is solution chemical-sensitive.
Similar to SBF, artificial sea water (ASW) has been made to mimic the chemical environment of current or ancient seawater [88] [89] [90] , in which the biomineralization of coral, coccolith, and mollusk occurs. The possible effects of ASW compositions on calcium carbonate crystallization [12, [91] [92] [93] and shell formation in living species [88, 90, 94] have been investigated in detail. Blue et al. [12] studied the transformation of ACC in calcium carbonate solutions, and found that the crystallization pathway, the polymorph selection, and the mineral composition were sensitive to the physical (stir or not) and chemical (Mg/Ca, carbonate/Ca ratio) conditions, which cannot be explained by the classical thermodynamic equilibria of crystallization. This provides a new understanding of biomineralization where organisms might control the physical-chemical factors (such as local alkalinity, pH, and supersaturation) during biomineralization to enable the precipitation of metastable phases with the unusual calcite compositions and textures that cannot be obtained by the classical crystal growth models. Purgstaller et al. [95] found that Mg-calcites formed via the transformation of an initial Mg-rich amorphous calcium carbonate (Mg-ACC) precursor exhibit significantly higher Mg contents (up to 20% Mg) compared to those formed directly from the solution, which can give a reasonable understanding of Mg enrichment in biological calcite. This finding indicates that the Mg content of biogenic calcite precipitates depends on the crystallization pathway and does not directly trace the chemical composition of the precipitating solution. 
Biomimetic Organic Matrix
Second, we summarize the investigations of the biomimetic organic matrix. The structures of the organic matrix in biomineralization systems always have the character of repeating units. For example, the matrix sheets of nacre composed of glycine-and alanine-rich proteins form beta-sheet conformation with structures similar to that of silk [96, 97] . The bone matrix composition of collagen-I protein has repeating units of the GXY sequence, which form triple-helix nano-fibrils that can further be self-assembled into fibrils [98] [99] [100] [101] . This kind of repeating unit pattern has been noted by structure biologists. Addadi and Weiner [102] , Mann [103] first used extracted matrix macromolecules [102] or Langmuir films [103] to chemically mimic the structure of the biomatrix, and found the oriented crystallization of calcium carbonate crystals. These pioneering works directly revealed the stereochemical and molecular geometry template biomineralization models, which are milestones in the biomineralization community. Since then, the biomimetic study of calcium carbonate crystallization on ordered substrates has attracted attention. The later crystallizations of calcium carbonate on Langmuir films or self-assembled monolayers (SAM) provide many good examples of the template effect on oriented crystallization [69, [104] [105] [106] [107] . The template effect usually refers to the geometric or stereochemical match between a final crystal face and an organic matrix. However, the detailed crystallization pathway reveals the precursor phase that formed on the matrix, which is ACC [19, 56, 108] . This ACC-mediated crystallization pathway improved the understanding of biomineralization by simply using the structural template effect [38] .
The demineralized organic matrix of biominerals is an excellent nature-made template. Gehrke et al. [109] retro-synthesized nacre layers by using the insoluble organic nacre matrix as the template ( Figure 5 ). Oriented crystallization has been achieved, and after re-mineralization, it is difficult to differentiate between the retro-synthesized nacre and the natural one. The use of polymer-stabilized ACC as the precursor phase is key to successful retro-synthesis (otherwise, it fails). The demineralized bone or dentin matrix and the reconstructed collagen fibrils can guide the oriented crystallization of CaP. It was found that the presence of the highly charged polymer is vitally important to the successful oriented crystallization of apatite inside collagen fibrils. Charged 
The demineralized organic matrix of biominerals is an excellent nature-made template. Gehrke et al. [109] retro-synthesized nacre layers by using the insoluble organic nacre matrix as the template ( Figure 5 ). Oriented crystallization has been achieved, and after re-mineralization, it is difficult to differentiate between the retro-synthesized nacre and the natural one. The use of polymer-stabilized ACC as the precursor phase is key to successful retro-synthesis (otherwise, it fails). The demineralized bone or dentin matrix and the reconstructed collagen fibrils can guide the oriented crystallization of CaP. It was found that the presence of the highly charged polymer is vitally important to the successful oriented crystallization of apatite inside collagen fibrils. Charged polymers mimicking NMPs may make ACP precursors liquid-like (called polymer-induced liquid-like precursors, PILPs) [31] and highly-charged [110] , or they may alter the osmotic pressure [111] , which in the end facilitates ACP precursors to go inside collagen fibrils. Olstza et al. reported that with the PILP process [31] , ACP precursors can be infiltrated into collagen fibrils. Nudelman et al. [110] further found that the positive net charge close to the C-terminal end of the collagen molecules is the initial site of mineralization, which was revealed by cryogenic transmission electron microscopy and cryogenic electron tomography. However, Niu et al. [111] proved that positively charged ACP can also infiltrate into the fibrils, and proposed that the polyelectrolyte might alter the osmotic pressure to facilitate the infiltration. Wang et al. [112] found that a high concentration of poly acrylic acid (PAA) (500 µg/mL) can stabilize ACP and inhibit the aggregation of amorphous clusters. As a result, amorphous clusters were found in dimensions of 1-2 nm. It was proposed that these nano-clusters go into the collagen fibrils and become the unit for later crystal growth of HAP. Almost all collagen mineralization systems introduce polymers to achieve the intrafibrillar mineralization, except one case reported by Wang et al. [113] . This work revealed that in the absence of any polymer, intrafibrillar mineralization can also be observed in dense fibrillar matrix (250 mg/mL; for comparison, most collagen stock solutions are just 5 mg/mL) in an SBF solution. In this case, the ACP phase is still the precursor phase during collagen fibrils' mineralization. Currently, how the amorphous phase gets into the collagen fibrils and how it transforms into HAP inside collagen fibrils remain largely unknown. In situ TEM would be helpful for studying this process. However, it is still a challenge because the electron beam effect might damage collagen fibrils during observation.
The remineralization of dentin is of special interest for potential application in dentin repair. In comparison with reconstructed single-layer collagen fibrils on a TEM grid, the demineralized dentin matrix contains densely packed collagen fibrils, which are harder to fully re-mineralize. Many strategies have been developed to further promote the remineralization of dentin. Tay and co-workers have developed the strategies of collagen phosphorylation [114] [115] [116] , silicified-collagen [117] , and mesoporous silica carriers of ACP [118] . Tang and co-workers have found many small additives that promote the remineralization of dentin, such as glutamic acid [119] and glutaraldehyde [120] .
The organic matrixes contain not only repeating units, but also hierarchical structure with nano-gaps inside the superstructures. This feature has attracted researchers' attention. The mechanism of nano-confinement has been proposed for better understanding of biomineralization, which revolves around the idea that competition for crystal growth in a confined space is sufficient to produce oriented crystallization [121] [122] [123] . The detailed micro-structural analyses showed the gradual ordering of crystallites as the growth of mollusks shells, which corroborated this mechanism. Gower and co-workers also considered that the oriented mineralization inside collagen fibrils could be controlled by nano-confinement [31] . Ping et al. [124] found the oriented crystallization of calcite inside collagen fibrils. The presence of PILP amorphous precursors are thought to play an important role in facilitating the infiltration of mineral precursors inside the nano-gap space before the crystallization. Some artificial confined spaces were built to test the effect of nano-confinement. Cantaert et al. [125] reported the oriented crystallization of calcium phosphate in nano-cylindrical pores that mimic collagen fibrils. Xiao et al. [126] morphosynthesized a biomimetic prismatic-type calcium carbonate layer on substrates with a granular transition layer through competing growths on films. The granular transition layer was formed on substrates using (NH 4 ) 2 CO 3 gas diffusion into calcium solutions in the presence of poly-aspartic acid or poly-acrylic acid, in which amorphous precursors were formed as reported by Gower et al. [127] . Nacre-like structures were fabricated by using multilayered organic sheets as the scaffold, which can be produced using layer-by-layer assembly [128, 129] and freeze-casted laminated chitosan matrix [130] . The protocols that applied in these works to precipitate CaC are similar to those of PILP [127] and Xu's protocol [131] , in which ACC is the precursor phase. In addition to inducing oriented crystallization, nano-confinement has many other effects on amorphous precursors worth noting for a more comprehensive understanding of biomineralization. Jiang et al. found that high-magnesium calcite formed from the confined crystallization of a Mg-ACC precursor [132] . Nanoscale confinement can also control the phase purity of minerals. A phase-pure bone-like apatite was formed in confinement with dimensions of less than 10 nm (confined in aqueous domains of polymerized liquid crystals) [133] . CaC crystals with complex morphologies were produced by transforming an ACC precursor within a defined constrained volume [134] [135] [136] . The amorphous phase was more stable when confined [137] .
Biomimetic Mineralization in the Presence of Non-Matrix Proteins and Their Analogues
Lastly, the functions of NMPs and their analogues are discussed here. NMPs contain many charged groups, which are thought to play important roles in controlling crystallizations. For example, dentin matrix protein 1 (DMP1) and its functional domains controlled ACP-mediated HAP formation. The intermolecular assembly of acidic domains into a β-sheet template was essential for the mineral nucleation [138] . C-terminal fragments of DMP1 (C-DMP1) can promote collagen mineralization [111] . Fetuin can stabilize ACP and facilitate the penetration of CaP into the fibril, which leads to the successful intrafibrillar mineralization of collagen-I fibrils [110] . The function of NMPs can be mimicked by using polyelectrolytes, and they stabilize the amorphous precursors in a liquid-like state called PILP [21, 127] . This can facilitate the infiltration of a precursor phase into the compartment of collagen fibrils ( Figure 6 ) [110, 127, 139] as well as artificial nano gaps as mentioned above. In the absence of the organic matrix, polyelectrolytes can also guide the formation of various hierarchically structured CaP and CaC crystals. Gower and co-workers have fabricated a variety of non-equilibrium (i.e., non-faceted) morphologies of minerals by using PILP as the precursor, including crystal drops [21] , thin films/tablets [62, 140, 141] , and fibers [142, 143] . With the help of polyelectrolytes, Cölfen and co-workers have made varied CaC mesocrystals (superstructured nanocrystals with a common crystallographic orientation) (see the review of mesocrystals in biominerals [144] ). A mesocrystal can be obtained by the oriented attachment of crystalline precursors [16, [145] [146] [147] . However, the amorphous phase or poorly crystalline particles can also be the precursor phase for forming mesocrystals [148] [149] [150] . It should be noted that the exact crystallization pathway cannot be judged only by the mineral morphologies [14] . A critical analysis is needed to confirm the crystallization pathway [151] . In addition to inducing oriented crystallization, nano-confinement has many other effects on amorphous precursors worth noting for a more comprehensive understanding of biomineralization. Jiang et al. found that high-magnesium calcite formed from the confined crystallization of a Mg-ACC precursor [132] . Nanoscale confinement can also control the phase purity of minerals. A phase-pure bone-like apatite was formed in confinement with dimensions of less than 10 nm (confined in aqueous domains of polymerized liquid crystals) [133] . CaC crystals with complex morphologies were produced by transforming an ACC precursor within a defined constrained volume [134] [135] [136] . The amorphous phase was more stable when confined [137] .
Lastly, the functions of NMPs and their analogues are discussed here. NMPs contain many charged groups, which are thought to play important roles in controlling crystallizations. For example, dentin matrix protein 1 (DMP1) and its functional domains controlled ACP-mediated HAP formation. The intermolecular assembly of acidic domains into a β-sheet template was essential for the mineral nucleation [138] . C-terminal fragments of DMP1 (C-DMP1) can promote collagen mineralization [111] . Fetuin can stabilize ACP and facilitate the penetration of CaP into the fibril, which leads to the successful intrafibrillar mineralization of collagen-I fibrils [110] . The function of NMPs can be mimicked by using polyelectrolytes, and they stabilize the amorphous precursors in a liquid-like state called PILP [21, 127] . This can facilitate the infiltration of a precursor phase into the compartment of collagen fibrils ( Figure 6 ) [110, 127, 139] as well as artificial nano gaps as mentioned above. In the absence of the organic matrix, polyelectrolytes can also guide the formation of various hierarchically structured CaP and CaC crystals. Gower and co-workers have fabricated a variety of non-equilibrium (i.e., non-faceted) morphologies of minerals by using PILP as the precursor, including crystal drops [21] , thin films/tablets [62, 140, 141] , and fibers [142, 143] . With the help of polyelectrolytes, Cölfen and co-workers have made varied CaC mesocrystals (superstructured nanocrystals with a common crystallographic orientation) (see the review of mesocrystals in biominerals [144] ). A mesocrystal can be obtained by the oriented attachment of crystalline precursors [16, [145] [146] [147] . However, the amorphous phase or poorly crystalline particles can also be the precursor phase for forming mesocrystals [148] [149] [150] . It should be noted that the exact crystallization pathway cannot be judged only by the mineral morphologies [14] . A critical analysis is needed to confirm the crystallization pathway [151] . Instead of using polymers, many small charged biomolecules such as glutamic acid, aspartic acid (Figure 7) , and surfactants can also mimic NMPs to control the aggregation of CaP and CaC precursors and form hierarchical biomineral-like structures. Through the control of the conglutination of HAP and ACP precursors with glycine and glutamic acid, enamel-like and bonelike apatite materials were obtained, respectively [152] . A bone-like or helical organic-CaP hybrid structure was developed in the presence of cetyl trimethylammonium bromide (CTAB) [153, 154] . Although the precursor phase is still unknown in these systems, the compositions of mineralization solutions indicate that the initial solutions are supersaturated with respect to the ACP phase. In the presence of N-stearoyl-L-glutamic acid (C18-Glu), a mesocrystal-like calcite was obtained via amorphous or poorly crystalline CaC [150] .
Clearly, the presence of NMPs and their analogues facilitate the formation of biomineral-like hierarchical structures, which would be helpful for understanding the possible pathways of biomineralization. Instead of using polymers, many small charged biomolecules such as glutamic acid, aspartic acid (Figure 7) , and surfactants can also mimic NMPs to control the aggregation of CaP and CaC precursors and form hierarchical biomineral-like structures. Through the control of the conglutination of HAP and ACP precursors with glycine and glutamic acid, enamel-like and bone-like apatite materials were obtained, respectively [152] . A bone-like or helical organic-CaP hybrid structure was developed in the presence of cetyl trimethylammonium bromide (CTAB) [153, 154] . Although the precursor phase is still unknown in these systems, the compositions of mineralization solutions indicate that the initial solutions are supersaturated with respect to the ACP phase. In the presence of N-stearoyl-L-glutamic acid (C18-Glu), a mesocrystal-like calcite was obtained via amorphous or poorly crystalline CaC [150] .
Clearly, the presence of NMPs and their analogues facilitate the formation of biomineral-like hierarchical structures, which would be helpful for understanding the possible pathways of biomineralization. 
Kinetics of Amorphous Mineral Phase-Mediated Crystallization
The classical crystallization theories (CCTs) have been widely applied towards understanding the crystallization and kinetics of biomimetic mineralization systems. They are especially useful for understanding the promoting or inhibiting effect of NMPs and their analogues on CaP and CaC crystallization, the equilibrium morphology of crystals, and the change of step growth rate and step roughness by the control of biomolecules [3, [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] . However, care should be taken in the direct application of CCT to biomimetic mineralization systems. CCT assumes monomer addition during the crystal nucleation and the crystal growth processes. However, other crystallization pathways might happen in biomimetic mineralization systems [14] , such as prenucleation clusters [17] [18] [19] [20] 166] , amorphous phase mediated crystallization, and aggregation-based crystallization [16, [145] [146] [147] [148] [149] [150] . For these non-classical crystallization pathways, many unexpected crystallization behaviors have been reported, such as faster nucleation of HAP at lower pH with lower supersaturation [10] and the formation of abnormally high Mg-calcite [132] . For a better understanding of crystallization kinetics among these non-classical crystallization systems, the detailed crystallization pathways have to be taken into account during the deduction of the kinetics models. 
The classical crystallization theories (CCTs) have been widely applied towards understanding the crystallization and kinetics of biomimetic mineralization systems. They are especially useful for understanding the promoting or inhibiting effect of NMPs and their analogues on CaP and CaC crystallization, the equilibrium morphology of crystals, and the change of step growth rate and step roughness by the control of biomolecules [3, [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] . However, care should be taken in the direct application of CCT to biomimetic mineralization systems. CCT assumes monomer addition during the crystal nucleation and the crystal growth processes. However, other crystallization pathways might happen in biomimetic mineralization systems [14] , such as prenucleation clusters [17] [18] [19] [20] 166] , amorphous phase mediated crystallization, and aggregation-based crystallization [16, [145] [146] [147] [148] [149] [150] . For these non-classical crystallization pathways, many unexpected crystallization behaviors have been reported, such as faster nucleation of HAP at lower pH with lower supersaturation [10] and the formation of abnormally high Mg-calcite [132] . For a better understanding of crystallization kinetics among these non-classical crystallization systems, the detailed crystallization pathways have to be taken into account during the deduction of the kinetics models.
Determination of Amorphous Phases and Their Solubility
Amorphous materials are defined as highly disordered materials [167] . Therefore, it is difficult to reveal the structural information of amorphous materials due to the lack of translational and orientational long-range order (LRO) of the atomic positions. In the past century, the microscopic nature of amorphous materials became possible to understand [167] . ACP is one of the most frequently observed forms in bio-and biomimetic CaP mineralization systems. The first study of ACP structure was done by determining its radial distribution function by Betts and Posner [168, 169] . In ACP, there exists a short-range order, consistent with Ca 9 (PO 4 ) 6 units and an average diameter of 0.95 nm, which are often named "Posner's clusters". Moreover, theoretical investigations show that Posner's clusters are the most stable arrangement compared to different calcium and phosphate clusters [170, 171] . In comparison with other calcium phosphate phases (for example, dicalcium phosphate dihydrate (DCPD), HAP, tricalcium phosphate (TCP)), ACP is meta-stable and inclined to form a crystalline phase. Therefore, the thermodynamic value of solubility (-log(Ks)) of ACP cannot be measured strictly. The reported solubility is 25.7 ± 0.1 (pH = 7.4), 29.9 ± 0.1 (pH = 6.00), 32.7 ± 0.1 (pH = 5.28) [172] . Furthermore, ACP is thermally unstable after heating, and two types of water loss occur. This corresponds to surface adsorbed water and internal bound water, respectively [173, 174] . Many techniques were applied to determine the amorphous phase. The XRD pattern of the ACP phase showed only two very broad and diffuse peaks, which is typical for a pattern lacking periodic LRO [175] . FT-IR and Raman methods use several bands in different vibration domains of PO 4 groups in the phosphate apatite to distinguish ACP [47, 176] . Chatzipanagis et al. used in situ time-resolved Raman spectroscopy to monitor amorphous phase structural evolution [176] . Besides XRD, infrared spectroscopy was also used to obtain a quantitative estimate of the amorphous crystallization percentage based on the splitting function [177] , which indicated that the crystallinity increases with an increased splitting of the P-O antisymmetric bending mode at 550-600 cm −1 . Extended X-ray absorption fine structure (EXAFS) spectroscopy was used to investigate the environment of calcium ions in ACP, and Harries et al. pointed out that the data was in agreement with the model proposed by Posner [178] . Moreover, thermal analysis such as differential scanning calorimetry (DSC) is used to determine the amount of the amorphous phase in a mixture based on the exothermic event [179] . Solid-state NMR is a powerful tool for determining the faint changes in ACP, especially 1 H spectra which will reveal the presence of small amounts of HPO 4 2− and OH − ions undetected by spectroscopic measurements [180] . ACC also shows broad and diffuse peaks in XRD spectrograms at 2θ = 28 • [181] . EXAFS analysis was used to detect the structural variations of ACC by Taylor et al. [4] . The results showed that there is short-range order around the calcium ions. In the ACC infrared spectrum, the characteristic broad absorption peaks were at 866 cm −1 (ν 2 ) and 1450 cm −1 (ν 3 ), respectively. These peaks are sharpened, split, and shifted when ACC crystallizes [57] . The reported solubility products of ACC are 3.1 × 10 −8 M 2 (ACC I, pH = 9.00 to 9.50) and 3.8 × 10 −8 M 2 (ACC II, pH = 9.75 to 10.0) [17] . However, the exact lower limit of the solubility of ACC is still under debate [182] . Thermogravimetric analysis-mass spectrometry (TGA-MS) and DSC show that an exothermic process occurring at 105 • C was identified as the transformation of ACC to a crystalline product. A further endothermic process at 149 • C was discovered to be the loss of water. This was identified by TGA-MS with concurrent formation of calcite. Finally, at around 500 • C, the material decomposed to calcium oxide and carbon dioxide [22] .
Classical Homogeneous and Heterogeneous Nucleation Theory
In classical nucleation theory (CNT), with the assumption of the steady state of the chain reactions of monomer additions, the homogeneous nucleation rate, J N,homo , can be deduced as [3, 165] ,
where A is a pre-exponential factor; ∆G homo is the homogenous nucleation barrier; k B is the Boltzmann constant; T is the absolute temperature; γ is the interfacial energy between the crystals and the mother phase; Ω is the volume of the growth units; and S is the supersaturation. In CNT, the nucleation rate has an exponential relationship with and 1/(lnS) 2 . So, reducing the interfacial energy or increasing the supersaturation would greatly promote the nucleation rate, which has been widely corroborated in many crystallization systems. With respect to biomineralization systems, the biomatrix and NMPs are believed to facilitate crystal nucleation by reducing the interfacial energy of nucleation [182, 183] or increasing the local supersaturation by charge attractions [70, [184] [185] [186] [187] .
In a supersaturated solution, when the chain reactions of monomer additions reach the steady state, a spectrum of ionic aggregates is formed with a Boltzmann distribution. The primary species in a solution is still a monomer. A small fraction of ionic aggregates reach a critical size, which is unstable in a supersaturated solution. These ionic aggregates are called the crystal nuclei, and they will grow in a supersaturated solution. As the crystals grow, the supersaturation will gradually decrease and the nucleation rate will decrease as well. So, strictly speaking, the whole crystallization process can be divided into a nucleation-dominated region and a crystal growth-dominate region. At the nucleation-dominated region, a second nucleation will happen on the mother crystal because it has a lower interfacial energy of nucleation (explained below). This event is called self-heterogeneous nucleation. In the other case, if the nucleation event happens on a foreign substrate instead of on the mother crystal (e.g., on the biomatrix), this is called heterogeneous nucleation. For a heterogeneous nucleation, the nucleation rate (J N,hetero ) is expressed as [3, 160] :
where f 1 and f 2 are factors that take into consideration, respectively, the nucleus geometry and the effective interfacial energy of heterogeneous nucleation. Factors f 1 and f 2 are less than 1, so the heterogeneous nucleation is much easier than that of homogeneous nucleation, which can be applied to explain the template effect in biomineralization. This means the biomatrix can reduce the effective interfacial energy of nucleation, especially when the crystallite is nucleated with a specific facet or orientation on the biomatrix. Liu and co-workers further pointed out that the template effect was especially helpful at a moderate or low supersaturated solution [8] . Otherwise, at a much higher supersaturation, the nucleation barrier is too low such that the structure-mismatched nucleation was also ready to happen, which leads to the anti-template effect [8] .
Amorphous Phase Mediated Nucleation
The amorphous phase-mediated crystallization pathway complicates the classical understanding of nucleation. For one thing, the formation of amorphous precursors reduces the effective supersaturation of solutions [11] . For another, the amorphous precursors also represent the substrate for the heterogeneous crystal nucleation [10] . A heterogeneous nucleation model was established for an ACP-mediated crystallization system. The nucleation rate of HAP, J N,hetero , can be expressed as [10, 11] :
where ∆G * react is the chemical reaction barrier for the incorporation of free calcium ions into HAP nuclei; ∆G * N,hetero is the nucleation barrier for the heterogeneous nucleation of HAP from ACP; f is the converting factor from surface area (A) to the amount of amorphous phase (C) (i.e., A = f C ) ; {Ca} eff is the effective activity of calcium ions (after the precipitation of ACP); K 1 is the pre-exponential factor; and k B is the Boltzmann constant. 
After the reaction, the substrate material is converted into the crystal phase. Second, calcium ions from solution are needed to keep the stoichiometry of HAP (see Equation (5)). Lastly, for a given system, the effective supersaturation can be taken as a constant regardless of how much calcium and phosphate ions were initially put into solution. This is because the excess amount of calcium and phosphate ions will precipitate as ACP precursors and the solution will become saturated with respect to ACP. In such a crystallization model, the nucleation rate is only dependent upon the amount of precipitated ACP and the effective activity of calcium ions in the solution [10, 11] . This model is helpful for understanding the nucleation kinetics of ACP-mediated crystallizations. We have found an unexpectedly faster nucleation of HAP in SBF solutions with lower pH [10] , which has lower supersaturation. This abnormal crystallization behavior is not understood by CNT, but can be explained by our model. To our understanding, the lower pH decreases the activity of {PO 4 3− }.
To keep the ionic product of ACP, {Ca 2+ } needs to be increased, which can promote the ACP-mediated crystallization ( Figure 8 ). This model can also be applied to explain the stability change of ACP by its aggregation state [86] and its size [85] . system, the effective supersaturation can be taken as a constant regardless of how much calcium and phosphate ions were initially put into solution. This is because the excess amount of calcium and phosphate ions will precipitate as ACP precursors and the solution will become saturated with respect to ACP. In such a crystallization model, the nucleation rate is only dependent upon the amount of precipitated ACP and the effective activity of calcium ions in the solution [10, 11] . This model is helpful for understanding the nucleation kinetics of ACP-mediated crystallizations. We have found an unexpectedly faster nucleation of HAP in SBF solutions with lower pH [10] , which has lower supersaturation. This abnormal crystallization behavior is not understood by CNT, but can be explained by our model. To our understanding, the lower pH decreases the activity of {PO4 3− }. To keep the ionic product of ACP, {Ca 2+ } needs to be increased, which can promote the ACP-mediated crystallization ( Figure 8 ). This model can also be applied to explain the stability change of ACP by its aggregation state [86] and its size [85] . It should be noted that our model is applicable when a crystal phase is nucleated directly from an amorphous phase. However, different crystal nucleation pathways might happen for amorphous precursor phases such as the dissolution/reprecipitation-based pathway (crystal nucleation from solutions) [49] [50] [51] [52] [53] [54] [55] [56] and the direct amorphous-crystallite solid-solid structure reorganization pathway (nucleation from amorphous phases) [19, 33, [57] [58] [59] [60] [61] . For the dissolution/reprecipitation-based pathway, the classical homogeneous nucleation model is a good starting point for deducing the kinetics model. However, care should be taken when determining the effective supersaturation and the effective volume of the nucleation systems (the nucleation rate is inversely proportional to the volume of the mother phase). De Yoreo and co-workers have reported one crystallization pathway of the dissolution and reprecipitation of ACC-mediated crystallization [182] . For the crystallization of calcite on an OH-terminated SAM (mercapto-undecanol, MUO) film, the nucleation rate showed no dependence on the initial solution supersaturation. This phenomenon was explained by the effective supersaturation: once ACC formed homogenously, the solute concentration immediately became fixed at the solubility of ACC, regardless of the initial solution conditions.
The solid-solid phase transformation of amorphous precursor systems is frequently observed for air-dried ACC particles at high temperature (~300 °C) ( Figure 9 ) [57] . Air-/freeze-dried or ethanol dehydrated ACC in dried air condition is much more stable than that in solution or in humid conditions [188, 189] , which indicates that the direct solid-solid phase transformation barrier is higher than the solution-based nucleation barrier. The solid-solid transformation is not a single step. Different stages of the water dehydration of ACC were observed before the crystallization [57] . Quantitative thermal analysis and ssNMR studies demonstrated that ACC undergoes parallel It should be noted that our model is applicable when a crystal phase is nucleated directly from an amorphous phase. However, different crystal nucleation pathways might happen for amorphous precursor phases such as the dissolution/reprecipitation-based pathway (crystal nucleation from solutions) [49] [50] [51] [52] [53] [54] [55] [56] and the direct amorphous-crystallite solid-solid structure reorganization pathway (nucleation from amorphous phases) [19, 33, [57] [58] [59] [60] [61] . For the dissolution/reprecipitation-based pathway, the classical homogeneous nucleation model is a good starting point for deducing the kinetics model. However, care should be taken when determining the effective supersaturation and the effective volume of the nucleation systems (the nucleation rate is inversely proportional to the volume of the mother phase). De Yoreo and co-workers have reported one crystallization pathway of the dissolution and reprecipitation of ACC-mediated crystallization [182] . For the crystallization of calcite on an OH-terminated SAM (mercapto-undecanol, MUO) film, the nucleation rate showed no dependence on the initial solution supersaturation. This phenomenon was explained by the effective supersaturation: once ACC formed homogenously, the solute concentration immediately became fixed at the solubility of ACC, regardless of the initial solution conditions.
The solid-solid phase transformation of amorphous precursor systems is frequently observed for air-dried ACC particles at high temperature (~300 • C) ( Figure 9 ) [57] . Air-/freeze-dried or ethanol dehydrated ACC in dried air condition is much more stable than that in solution or in humid conditions [188, 189] , which indicates that the direct solid-solid phase transformation barrier is higher than the solution-based nucleation barrier. The solid-solid transformation is not a single step. Different stages of the water dehydration of ACC were observed before the crystallization [57] . Quantitative thermal analysis and ssNMR studies demonstrated that ACC undergoes parallel dehydration and structural changes before a subsequent "solid-state" transformation. The loss of the final portion of water (15 wt% of the initial water content) triggers crystallization. However, this step is associated with a high free energy barrier (~245 kJ·mol -1 ) such that at room temperature the first crystal nucleus can only form via a dissolution/reprecipitation mechanism mediated by water present on particle surfaces or in solution. The confinement probably creates a barrier to water diffusion [53] , which slows the dissolution/reprecipitation-based nucleation pathway and stabilizes ACC. This suggests that nature employs nano-confinement to tailor the stability of ACC in organisms. on particle surfaces or in solution. The confinement probably creates a barrier to water diffusion [53] , which slows the dissolution/reprecipitation-based nucleation pathway and stabilizes ACC. This suggests that nature employs nano-confinement to tailor the stability of ACC in organisms. Figure 9 . Schematic of stages of ACC dehydration. The solid-solid transformation is followed by water dehydration of ACC. Upon going from a to b, surface-bound water is lost, during b to c water is lost from the interior of the ACC and the ACC particle shrinks. Going from c to d, the most deeply located water is expelled, and from d to e, crystallization to calcite occurs. Reproduced with permission from Macmillan Publishers Limited in Reference [57] .
Conclusions
APMC pathways have been widely observed in a variety of biomineralization systems, and have been reproduced in the biomimetic mineralization in supersaturated solutions, in assembled organic matrix or nano-compartment, and in the presence of NMPs, which mimic the micro-environments of biomineralization. Bio-mimicking experiments applying the amorphous mediated crystallization pathways have shown advantages for developing hierarchically structured morphology, boneapatite coating, oriented crystallization in confined spaces, and retro-or morpho-synthesis of mollusk-shell like structures. These investigations will surely enhance our understanding of biomineralization mechanisms.
The pathways and mechanisms of amorphous phase mediated crystallization are fundamental to biomineralization systems. Although extensive investigations of calcium phosphate and calcium carbonate crystallization have been performed, many of them focus on mimicking the morphology and superstructure of biominerals. The detailed crystallization pathways and the quantitative measurements of the kinetics of amorphous-based crystallization systems remain largely unexplored, and further resources need to be employed in this area. Some detailed issues, such as the fluidic or surface properties of the amorphous precursor phases (e.g., PILP or prenucleation precursors), how precursor phase gets into the nano-compartment (i.e., could it be limited by diffusion or in situ induced?) of biomatrix, and the interaction sites of NMPs on amorphous phase or biomatrix, still remain largely unknown, but are key for understanding the details of biomineralization processes. In situ measurements are significant for revealing the details of the amorphous transformation process. These measurements include in situ pH or ionic monitoring, atomic force microscopy (AFM), electron microscopy, X-ray spectroscopy, thermal analysis, and ssNMR [190] .
The previously corroborated classical nucleation and crystal growth theories have been found to be Figure 9 . Schematic of stages of ACC dehydration. The solid-solid transformation is followed by water dehydration of ACC. Upon going from a to b, surface-bound water is lost, during b to c water is lost from the interior of the ACC and the ACC particle shrinks. Going from c to d, the most deeply located water is expelled, and from d to e, crystallization to calcite occurs. Reproduced with permission from Macmillan Publishers Limited in Reference [57] .
APMC pathways have been widely observed in a variety of biomineralization systems, and have been reproduced in the biomimetic mineralization in supersaturated solutions, in assembled organic matrix or nano-compartment, and in the presence of NMPs, which mimic the micro-environments of biomineralization. Bio-mimicking experiments applying the amorphous mediated crystallization pathways have shown advantages for developing hierarchically structured morphology, bone-apatite coating, oriented crystallization in confined spaces, and retro-or morpho-synthesis of mollusk-shell like structures. These investigations will surely enhance our understanding of biomineralization mechanisms.
The previously corroborated classical nucleation and crystal growth theories have been found to be inappropriate for APMC systems. As such, the deduction of kinetics models for APMC systems is urgent due to the correlation with biomineralization systems. Some "abnormal" crystallization behavior in biomineralization-such as abnormally high Mg content in minerals, abnormal stability of precursor phases, abnormally precise control of crystal phases and orientations, abnormal reproducibility, abnormally uniform size and spatial distributions of minerals, and the vital effects [39, 191] -would benefit from these theoretical advances. The fundamental and quantitative investigation of a small well-defined system would have a large impact on the understanding of biomineralization mechanisms, which would inspire the development of many functional materials with unlimited patterns and morphologies to solve global problems regarding the environment [192] [193] [194] , energy [195] [196] [197] [198] , and healthcare [199] [200] [201] [202] .
